During oversaturation, a popular objective in traffic signal operations is to maximize throughput in order to keep traffic moving. As cycle lengths are increased, the proportion of "lost time" used to transition between signal phases is reduced. This is often a rationale for programming long cycle lengths into signal timing plans. To investigate the impact of cycle length, this paper revisits the concept of critical lane analysis to calculate throughput, and applies the technique to data collected at an oversaturated intersection in Indianapolis, Indiana. Traffic volumes were measured from over 10 weeks while different cycle lengths were tested at the intersection, ranging from 80 to 135 seconds. Somewhat surprisingly, during saturated conditions, no clear increase in the sum of critical lane throughput was observed, even when the cycle length increased by over 50%. In fact, there was a slight reduction in the total critical lane sum volume at 135 seconds. The findings concur with a recent study by Denney et al.. The decrease in throughput under the longer cycle lengths is attributed to the reduction of saturation flow during long green times. The paper discusses possible results of using a time-dependent saturation flow rate. Additionally, the critical lane analysis methodology may have applications for agencies to evaluate and rank intersections within corridors as under, near, or over saturation. Day et al. 
INTRODUCTION
During saturated conditions, capacity is a scarce resource, and a popular objective of signal operations is to make the best use of green time to maximize throughput. According to the signalized intersection capacity model of the Highway Capacity Manual (HCM), as cycle length increases, signals will allow greater throughput, because the proportion of "lost time" (phase clearance and start-up lost time) becomes an increasingly smaller proportion of the overall operating time, and traffic is assumed to flow at a constant saturation flow rate during green (1) .
Consequently, there is often a tendency to use longer cycle lengths during periods with high demand. This paper reports on observed throughput through the critical lanes at an intersection operating in saturated or oversaturated conditions during the afternoon peak hour. During the 10-week study period, while holding the percentage splits constant, various cycle lengths were tested, ranging from 80 to 135 s in order to ascertain the impact on intersection throughput.
ESTIMATING CAPACITY
The definition of capacity is the maximum amount of traffic that can flow through a travel lane 
CRITICAL LANE CONCEPT
At most intersections in the US, the dual-ring, eight-phase sequence is used, which allows for some flexibility in the timing of through and left turn phases. A typical ring diagram is shown in Figure 1 . As indicated by the thick lines in this diagram, the barriers separate "mainline" phases {1,2,5,6} from "side street" phases {3,4,7,8}. The controller is required to concurrently terminate phases ending at a barrier, before moving on to the other block of phases. Because of this, a signal could be considered to be at capacity even if there is only demand for phases in one ring.
For example, in Figure 1 , if there is heavy demand for phase 2, but light demand for phase 6, the controller will still need to remain in the {2,6} state until it is released from serving phase 2. For this reason, it is rather misleading to calculate throughput by summing the volume across all lanes at the intersection. A better option is to consider the volume passing through the critical lanes, or those for which the demand (or more specifically, the volume-to-saturation flow ratio)
is heaviest. The phases controlling movements from these lanes are called the critical phases.
The critical lane / critical phase concept is central to the computation of intersection capacity utilization in the HCM. The 1985 version of the HCM included a planning application worksheet to estimate intersection capacity utilization, as shown in Figure 2 . The worksheet succinctly demonstrates the critical path concept. Of the eight through and left-turn movements existing at the intersection, we find the maximum volume (in veh/h/lane) of a given through phase and its opposing left turn, for both streets. The sum of these critical volumes reflects the overall capacity need of the intersection. Figure 3 interprets the critical lane concept in the dual-ring, eight-phase paradigm. Here, the four possible "critical paths" in the ring diagram are illustrated. To compute the critical lane throughput (T) at an intersection, the maximum volume on the critical path should be summed. In the eight-phase, dual-ring context the formula would be as follows:
where v i is the volume of phase i in veh/h/lane and n L is the number of lanes in the critical path.
If instead we were to sum across all lanes at the intersection, we would underestimate the overall utilization of intersection capacity. For example, in the extreme case that all phases in ring 1 
where CP is the set of critical phases, S i is the split time of phase i, Y i is the yellow time of phase i, R i is the red clearance time of phase i, and L is the total lost time used in the critical phases. The behavior became less deterministic after approximately the 30th vehicle in queue.
Because of strong differences in behavior by lane, the increase in headway was attributed to the impact of departing right-turning vehicles.
Denney et al. went further to examine the impact of cycle length on throughput in simulation, finding that using a shorter cycle length resulted in slightly increased throughput as the intersection entered the saturated regime. The results suggest that increasing the cycle length might actually be counterproductive if the objective is to maximize throughput.
This paper seeks to empirically determine whether the relationship between cycle length and throughput can be observed at a congested real-world intersection over an extended period. Data obtained from 10 weeks of peak hour operation at an arterial traffic signal are used to directly measure throughput in the critical lanes at the intersection, with the empirical values compared to the theoretical curve. High resolution detection and phase events were logged on a standard actuated controller (7).
Vehicle counts were obtained from the intersection using loop detectors with count amplifiers.
This automatic vehicle counting technique has been used extensively in Indiana (8) and elsewhere (9) Phase timing data pertaining to this intersection is provided in Table 1 . During the study, six different cycle lengths ranging between 80 and 135 seconds were tested at the intersection over the course of 10 weeks. For each cycle length, the percentage splits were kept the same, with the resulting second splits and expected green times in Table 1 . With the mainline through movements (phases 2 and 6) having a split of 55%, the expected green times are generally quite long. During saturated conditions, the side-street phases usually do not gap out, but the handful of occurrences taking place within the time period result in slightly longer green times for phases 2 and 6 than shown in at the intersection were {2, 7, 8} throughout the study, because of the consistent dominance of traffic leaving Indianapolis on phases 2 and 7 (see Figure 5 ). Figure 6 shows the critical phase throughput by date during the study period. This view shows that there was some stochastic variation in the throughput from one day to another, but the average value is roughly the same at approximately 1400 veh/h/lane during the study period. One exceptional date in the analysis period is the holiday on July 4, where traffic levels were very low and clearly not congested. Table 3 and are compared with the theoretical curve in Figure 8 .
RESULTS

Observed Throughput versus Cycle Length
The July 4 data is excluded from these computations. 
Investigating the Saturation Flow Assumptions
The existing capacity model (Equation 1) is rather simplistic in its assumption that s is a constant rate that occurs during oversaturation. Although in this paper we have not measured individual headways, the resulting throughput-cycle length relationship offers an opportunity to consider possible alternative models that might better explain the trend. In approaching this problem, we The total capacity (and thus the expected throughput at saturation flow) is calculated by summing the flow rate during the green time-which is equivalent to the following statement:
For example, if s is constant, the formula is simply
, the same as Equation 3. Figure 10 shows the resulting throughput when some possible alternative formulas are used, in comparison with the current HCM model where s = s 0 , and the empirical data from the study.
The exponential and linear models both attain a maximum throughput around approximately C = 100 (with a very broad range of "good" solutions), unlike the constant s curve where throughput increases monotonically with cycle length. The variable s curves also do a better job of anticipating the reduction of throughput at 135 seconds, unlike the constant s curve. 
